INTRODUCTION
============

Cervical cancer rates have decreased dramatically in recent years due to cytological screening. However, this disease continues to be a considerable health problem, with 500,000 new cases and 250,000 deaths annually worldwide \[[@B1]\]. Cervical cancer is the only major gynaecological malignancy that is clinically staged according to the International Federation of Obstetrics and Gynecology (FIGO) recommendations.

The National Cancer Comprehensive Network practice guidelines for cervical cancer work-up include chest radiography, \[^18^F\]fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT), and magnetic resonance imaging (MRI) as indicated . \[^18^F\]FDG uptake is an indicator of tumor metabolism that is usually measured semi-quantitatively using a standardized uptake value (SUV). Specifically, the maximum SUV (SUV~max~) reflects the highest metabolic activity within the tumor. Metabolic tumor volume (MTV) and total lesion glycolysis (TLG) are measures of tumor metabolic activity that are determined on \[^18^F\]FDG PET/CT images \[[@B2]\].

There has been increasing interest in assessing the intratumoral \[^18^F\]FDG uptake heterogeneity (IFH) due to the association between IFH measures on baseline \[^18^F\]FDG PET images and overall patient outcome \[[@B3]\]. This association has been seen in studies of head and neck cancer, cervical cancer, esophageal cancer and lung cancer \[[@B3][@B4][@B5]\]. IFH characterization can be performed on the global (whole tumor), regional (tumor subvolumes), and local (a few voxels) levels. It is hypothesized that the heterogeneous distribution of \[^18^F\]FDG PET activity correlates with several physiological processes, including glucose metabolism, necrosis, vascularization, and angiogenesis \[[@B6][@B7]\]. Within this context, a robust analysis of IFH has the potential to be useful in assessing a tumor's physiological characteristics.

However, studies of the clinical significance of IFH are limited, even though IFH is a potential prognostic factor. Objective criteria from \[^18^F\]FDG PET images can be used to assess IFH, and one study suggests that \[^18^F\]FDG heterogeneity is associated with prognosis in cervical cancer \[[@B8]\].

Although tumor heterogeneity has been demonstrated within tumor microenvironments, IFH across the entire volume of a primary tumor has not been quantified or analysed for its association with outcome measures in humans.

Accordingly, we investigated the relationship between the IFH and various clinical and PET/CT parameters and then evaluated the prognostic value of IFH in early stage uterine cervical cancer. The objectives of this study were to quantitatively measure cervical metabolic IFH in pretreatment PET/CT and to explore the relationship of IFH with treatment outcome.

MATERIALS AND METHODS
=====================

1. Patients
-----------

This study involved patients with histopathologically confirmed invasive cervical cancer (FIGO stage IB to IIA). All included patients had undergone a preoperative work-up with PET/CT scan, followed by radical hysterectomy with pelvic and/or para-aortic lymphadenectomy between February 2004 and January 2013. All patient clinical, histological and imaging data were collected and stored in a computerized database. The Institutional Review Board approved this study, and the requirement to obtain informed consent was waived because of its retrospective nature.

2. Study procedures and lesion status determination
---------------------------------------------------

Each PET/CT scan was performed within 1 week before radical surgery. If distant metastasis was confirmed histologically prior to surgical treatment, the surgery was postponed and concurrent chemoradiotherapy or palliative systemic chemotherapy was administered according to current clinical standards.

3. PET/CT
---------

The patients were examined using a dedicated Biograph PET/CT scanner (Siemens Medical Solutions, Malvern, PA, USA). Each patient was asked to fast for at least 4 hours prior to undergoing PET/CT. One hour before imaging, 125 mL of a barium sulphate solution (EZCT: 1.5% weight-volume barium sulphate suspension; Taejoon Pharm, Seoul, Korea) was administered orally to opacify the bowel for the CT portion of the study. Diuretics were not used for preparation. In addition, 0.15 mCi FDG/kg body weight was administered intravenously 1 hour prior to imaging. Prior to PET, CT was performed using the following parameters: 80 mAs, 120 kV, 5-mm section thickness, 0.5 second per rotation and reconstruction onto a 512×512 matrix. The CT results were used to generate an attenuation correction map for PET, and the PET images were reconstructed. Each PET scan was acquired from the skull base to the proximal thigh in three-dimensional row-action maximum-likelihood algorithm mode, with four iterations, eight subsets and 4.8-mm full-width half-maximum reconstruction onto a 512×512 matrix. A total of 7 to 9 bed positions were examined for PET acquisition, with 2.5-minute acquisition per bed.

4. Assessment of \[^18^F\]FDG PET/CT imaging
--------------------------------------------

From the attenuation-corrected \[^18^F\]FDG PET/CT images, MTV (cm^3^) were measured using commercial software (Syngo.via, VA 30, Siemens Healthcare, Erlangen, Germany) including an SUV-based automated contouring program (VOI isocontour). This program automatically produces a contour around the target lesions inside the boundaries. Nuclear medicine physicians used the interactive graphical user interface to select each hypermetabolic lesion by clicking on its projection. To define metabolically significant tumor volume, the contouring margin enclosed voxels within each SUV threshold at the interval of 0.5 from 2 to 4 in the volume of interest. Cases with FDG uptake in PET/CT other than cervix such as pelvic lymph node (LN) were included in the analysis.

The maximum and average standardized uptake values (SUV~max~ and SUV~avg~) were then used to quantitatively determine \[^18^F\]FDG avidity. SUV was defined as the \[^18^F\]FDG concentration divided by the injected dose, corrected for the patient's body weight and the radioactive decay at scanning time: SUV=activity concentration/(injected dose/body weight). TLG was calculated by multiplying the SUV~avg~ of the primary tumor by the metabolic volume of the tumor \[[@B9][@B10]\]. The pretreatment \[^18^F\]FDG PET/CT data were used to determine the following functional criteria for each lesion in a given patient: SUV~max~, SUV~avg~, MTV, and TLG. Parameters that were considered in the analysis included the highest SUV~max~ and SUV~avg~ values, the MTV and the TLG values of primary tumor for a given patient. In addition, we evaluated the IFH in uterine cervical cancer primary tumors. Towards this end, we evaluated the coefficient of variation (CV) as follows.

5. Intratumoral FDG heterogeneity analysis
------------------------------------------

There are several ways to calculate heterogeneity by statistics-based methods. Statistics-based methods explain the distribution of grey levels of voxels. The statistical heterogeneity parameters are categorized based on the scale of analysis as global, regional, and local levels. In this analysis, CV which is one of representative parameters of global level that has been reported to predict therapy response and prognosis in other cancer was chosen to measure IFH \[[@B11]\]. CV is an intuitive and feasible parameter as against complexity of other statistics-based heterogeneity parameters for local and regional levels. CV was deﬁned as the ratio between the standard deviation (SD) of the SUV~max~ and the SUV~avg~ within the automatically delineated tumor volume calculated using each SUV threshold from 2 to 4. [Fig. 1](#F1){ref-type="fig"} demonstrates actual calculation procedures obtaining CV.

![Positron emission tomography/computed tomography (PET/CT) (A), CT (B), PET (C) images, and three-dimensional (3D)-VOI based standardized uptake value (SUV)-histogram (D) for measurement of intratumoral \[^18^F\]fluorodeoxyglucose (FDG) heterogeneity (IFH) using a SUV-based automated contouring program in a 49-year-old female patient. Transaxial PET/CT image (A-C) shows a mass lesion in the pelvic cavity (arrow); axial PET image (C) shows a heterogeneous distribution of FDG. 3D-VOI based SUV-histogram of this single tumor (D) shows heterogeneous FDG uptake. Thus, the coefficient of variation (CV) of this mass is 0.185 as following the calculation of standard deviation (SD) of SUVs (2.32) divided by SUV~avg~ (12.54).](jgo-27-e15-g001){#F1}

6. Clinical endpoints and follow-up
-----------------------------------

Data were collected from medical records to determine recurrence or death and other clinical characteristics. The time to recurrence was defined as the time from the date of surgery to the date of histological or imaging evidence of recurrence. Recurrent tumor and distant metastasis were diagnosed based on either a positive biopsy or unequivocal clinical or radiographic evidence of progression. Progression-free survival (PFS) ended at the time of recurrence or death.

7. Statistical analysis
-----------------------

We wished to determine the prognostic significance of pretreatment SUV~max~, MTV, TLG, and IFH for PFS. Time to event was calculated as the time from the date of diagnosis to the date of the first clinical or imaging finding suggestive of local, regional, or distant disease recurrence that led to additional confirmatory testing (e.g., biopsy or additional imaging). The threshold value that was most discriminating in terms of differentiating between two groups of patients was selected using receiver operating characteristic (ROC) methodology. Kaplan-Meier estimates and the log-rank test were used to assess survival function equality across variables in the PFS analysis. The Cox proportional hazard model was used to evaluate prognostic variables, and an estimated hazard ratio (HR) with 95% CI was presented. Independent sample t-tests were used to compare the means of clinicopathological parameters in the non-recurrent and recurrent groups. Correction for multiple testing was performed using the false discovery rate Benjamini-Hochberg step-up procedure. A p\<0.05 was considered statistically significant. All analyses were performed using SPSS ver. 19.0 (IBM Co., Armonk, NY, USA).

RESULTS
=======

1. Patient characteristics
--------------------------

During the study period, 235 patients at our institution were newly diagnosed with stage IB to IIA uterine cervical cancer, and 132 of these patients underwent PET/CT prior to primary treatment. Twenty-six patients were suspected of having distant metastases at the PET/CT scan, and scans from 21 patients were not eligible for the image analysis (no FDG avid lesion in 15 patients, and data error in 6 patients). Scans from 85 of these patients (median age, 47 years; range, 27 to 80 years) were eligible for MTV, TLG, and IFH analysis. [Table 1](#T1){ref-type="table"} presents the clinic-pathological characteristics of these patients. The median follow-up was 35 months (range, 6 to 83 months), and the median PFS was 32 months (range, 6 to 83 months). Of the patients, 69.4% were FIGO stage IB1, and 69.4% of the tumors were squamous cell carcinoma. [Supplementary Table 1](#S1){ref-type="supplementary-material"} presents the PET/CT parameters of the enrolled patients.

###### Clinicopathological characteristics of patients who underwent positron emission tomography/computed tomography before operation for cervical cancer (n=85)

![](jgo-27-e15-i001)

  Characteristic                                   No. (%)
  ------------------------------------------------ ---------------
  Age (yr), median (range)                         47 (27-80)
  Progression-free survival (mo), median (range)   32 (6-83)
  FIGO stage                                       
   IB1                                             59 (69.4)
   IB2                                             11 (12.9)
   IIA                                             15 (17.6)
  Histology                                        
   Squamous cell carcinoma                         59 (69.4)
   Adenocarcinoma                                  16 (18.8)
   Adenosquamous carcinoma                         5 (5.9)
   Others                                          5 (5.9)
  Tumor diameter, median (range)                   3.2 (0.5-9.5)
  Lymph node metastasis                            20 (23.5)
  Parametrium invasion                             15 (17.7)
  Recurrence                                       14 (16.5)

FIGO, International Federation of Gynecology and Obstetrics.

2. Correlation between parameters
---------------------------------

Our results showed that IFH at an SUV of 2.0 was correlated with SUV~tumor~ (Pearson coefficient (r)=0.811, p\<0.001), MTV~tumor~ (r=0.685, p\<0.001), TLG~tumor~ (r=0.624, p\<0.001), primary tumor size (r=0.460, p\<0.001), depth of cervical stromal invasion (r=0.385, p\<0.001), and negatively correlated with age (r=--0.227, p=0.036). IFH at an SUV of 2.5 was correlated with SUV~tumor~ (r=0.269, p=0.013), MTV~tumor~ (r=0.474, p\<0.001), TLG~tumor~ (r=0.435, p\<0.001), and parametrium (PM) invasion (r=0.245, p=0.024). IFH at an SUV of 3.0 was correlated with SUV~tumor~ (r=0.865, p\<0.001), MTV~tumor~ (r=0.730, p\<0.001), TLG~tumor~ (r=0.641, p\<0.001), primary tumor size (r=0.455, p\<0.001), depth of cervical stromal invasion (r=0.425, p\<0.001), and PM invasion (r=0.227, p=0.039). [Supplementary Table 2](#S2){ref-type="supplementary-material"} depicts Descriptive statistics for each MTV by SUV threshold.

3. Cut-off value for tumor heterogeneity
----------------------------------------

The ROC curves used to analyse the IFH in relation to PFS. IFH at an SUV of 2.0 was used for ROC analysis, and the area under the curve was 0.661, and 0.418 was determined to be the cut-off value.

4. Tumor heterogeneity and recurrence
-------------------------------------

[Table 2](#T2){ref-type="table"} summarizes the prognostic values of all of the parameters investigated in the current study. Except FIGO stage which was calculated as categorized variable, other parameters were calculated as continuous variables. Cox proportional hazard analysis revealed that recurrence was significantly associated with TLG~tumor~ (p\<0.001), MTV~tumor~ (p=0.001), SUV~tumor~ (p=0.015), FIGO stage (p=0.015), SUV~LN~ (p=0.004), and IFH (p=0.005). The Kaplan-Meier survival graphs ([Fig. 2](#F2){ref-type="fig"}) showed that PFS differed significantly in groups of subjects categorized based on IFH (p=0.013, log-rank test).

###### Analyses of prognostic factors for progression-free survival in patients with cervical cancer

![](jgo-27-e15-i002)

  Variable        Test for PFS         HR       95% CI          p-value
  --------------- -------------------- -------- --------------- ---------
  Age (yr)                             1.000    0.946-1.057     0.999
  FIGO stage      II vs. I             3.746    1.290-10.881    0.015
  Tumor size                           1.177    0.924-1.500     0.188
  LN metastasis   Present vs. absent   1.716    0.536-5.497     0.363
  PM invasion     Present vs. absent   1.899    0.594-6.066     0.279
  SUV~tumor~                           1.040    1.008-1.072     0.015
  MTV~tumor~                           1.020    1.008-1.032     0.001
  TLG~tumor~                           1.001    1.001-1.002     \<0.001
  SUV~LN~                              1.105    1.031-1.184     0.004
  IFH                                  34.586   2.853-419.310   0.005

FIGO, International Federation of Gynecology and Obstetrics; HR, hazard ratio; IFH, intratumoral \[^18^F\]fluorodeoxyglucose (FDG) uptake heterogeneity; LN, lymph node; MTV, metabolic tumor value; PFS, progression-free survival; PM, parametrium; SUV, standardized uptake value; TLG, total lesion glycolysis.

![Kaplan-Meier survival graph shows significantly different progression-free survival between the groups categorized by intratumoral \[^18^F\]fluorodeoxyglucose uptake heterogeneity above (blue line) and below (green line) cut-off value (0.418; p=0.013, log-rank test).](jgo-27-e15-g002){#F2}

5. Prediction of recurrence
---------------------------

[Table 3](#T3){ref-type="table"} presents the multivariate regression analysis of the prognostic values of the parameters determined to be significant in univariate analysis. Multivariate analysis identified IFH (HR, 756.997; 95% CI, 2.047 to 279,923.191; p=0.028) was the only independent risk factor for recurrence in the current study.

###### Multivariate analyses of prognostic factors for progression-free survival

![](jgo-27-e15-i003)

  Variable         HR        95% CI              p-value
  ---------------- --------- ------------------- ---------
  IFH              756.997   2.047-279,923.191   0.028
  FIGO stage^\*^   1.817     0.418-7.911         0.426
  MTV~tumor~       0.981     0.946-1.017         0.293
  TLG~tumor~       1.005     0.999-1.011         0.118
  SUV~tumor~       0.832     0.657-1.055         0.129
  SUV~LN~          1.056     0.956-1.165         0.283

FIGO, International Federation of Gynecology and Obstetrics; HR, hazard ratio; IFH, intratumoral \[^18^F\]fluorodeoxyglucose (FDG) uptake heterogeneity; LN, lymph node; MTV, metabolic tumor value; PFS, progression-free survival; SUV, standardized uptake value; TLG, total lesion glycolysis.

\*Test for PFS: II vs. I.

[Table 4](#T4){ref-type="table"} summarizes the clinico-pathological and PET/CT derived characteristics of patients without and with recurrence. There were significant differences of PFS, MTV~tumor~, TLG~tumor~, SUV~LN~, and IFH between patients with and without recurrence. There was significant difference (p=0.047) between the mean IFH values of non-recurrent and recurrent groups ([Fig. 3](#F3){ref-type="fig"}).

###### Clinicopathological and positron emission tomography/computed tomography derived characteristics of patients without and with recurrence (n=85)

![](jgo-27-e15-i004)

  Variable          Recurrence (-)   Recurrence (+)   p-value             
  ----------------- ---------------- ---------------- --------- --------- -------
  Age (yr)          47.859           9.266            49.000    14.049    0.702
  PFS (mo)          36.916           22.495           15.214    12.392    0.001
  Tumor size (cm)   3.394            1.987            3.936     1.753     0.346
  SUV~tumor~        11.476           9.493            17.376    19.116    0.065
  MTV~tumor~        32.028           30.248           58.446    54.542    0.012
  TLG~tumor~        170.307          223.006          494.586   676.236   0.001
  SUV~LN~           1.350            1.589            4.090     8.646     0.014
  IFH               0.404            0.212            0.533     0.255     0.047

IFH, intratumoral \[^18^F\]fluorodeoxyglucose (FDG) uptake heterogeneity; LN, lymph node; MTV, metabolic tumor value; PFS, progression-free survival; SD, standard deviation; SUV, standardized uptake value; TLG, total lesion glycolysis.

![Intratumoral \[^18^F\]fluorodeoxyglucose (FDG) uptake heterogeneity (IFH) value distribution between patients with and without recurrence. There was significant difference (p=0.047) between the mean IFH values of non-recurrent and recurrent groups.](jgo-27-e15-g003){#F3}

DISCUSSION
==========

In this study, we investigated the prognostic value of IFH in early stage uterine cervical cancer, and also the relationship between preoperative IFH and various clinical and PET/CT parameters. These results depict that \[^18^F\]FDG based heterogeneity may be a useful and potential predicator of patient recurrence before treatment in patients with stage IB to IIA cervical cancer.

Malignant tumor cells are heterogeneous in several respects. Not only do the biologic constituents vary among tumor cells, but so can gene expression and the metabolic and behavioural characteristics. There is heterogeneity within the same cancer type and even within the same stage due to differences in properties such as growth rate, vascularity and necrosis in the same tumor cell population \[[@B12]\]. Importantly, FDG uptake is not homogeneous throughout a tumor. Factors that contribute to IFH include necrosis \[[@B13]\], cellular proliferation \[[@B14]\], blood flow \[[@B15]\], microvessel density \[[@B16]\], and hypoxia \[[@B17][@B18]\]. Since uptake of a tracer is not usually homogeneously distributed across the tumor, it may be useful to quantify IFH before, during and after treatment.

The FDG uptake pattern within a tumor has the potential to provide information that is useful for treatment planning, as the information could be used for targeted treatment of specific areas within the tumor. In addition, FDG uptake may provide additional information when monitoring treatment response by revealing a mixed response within a single tumor. Finally, differences between CT anatomical volumes and PET metabolic volumes could be characterized. In current clinical practice, there is no simple method for quantification of IFH \[[@B7]\].

A few methods have been proposed to quantify IFH \[[@B4][@B19]\]. Notably, methods used to characterize heterogeneity detect both partial volume effects and noise as heterogeneity; accordingly, partial volume correction and image denoising must be performed prior to calculating IFH. As the IFH increased, as measured using the CV of PET/CT images, the risk of recurrence increased significantly. This result highlights the importance of the metabolic complexity of tumors and the possibility that IFH is a novel biomarker of prognosis for early stage cervical cancer. We are developing a large multicentre database to confirm the results of the present study and to further analyse the relationship between IFH and patient outcome in advanced cervical cancer.

Recent studies evaluated the heterogeneity in FDG uptake as shown by textural features at a regional scale \[[@B20][@B21]\]. Yang et al. \[[@B20]\] concluded that the temporal change in the heterogeneity of intratumoral FDG distribution using image-based textural feature may provide treatment prediction in cervical cancer. Hatt et al. \[[@B21]\] demonstrated that textural features included entropy and dissimilarity for calculating co-occurrence matrices, and high-intensity large-area emphasis and zone percentage for calculating size-zone matrices. These studies suggested that image-derived regional textural features may allow characterization of intratumoral FDG distribution, and may also provide valuable complementary information for functional tumor volumes. Texture analysis may be a useful methodology investigating tumor heterogeneity and providing prognostic information. Hatt et al. \[[@B21]\], commented that most studies using textural features considered volumes greater than 3 to 5 cm^3^, assuming that PET cannot characterize heterogeneity in smaller volumes because of its spatial resolution. However, the correlation between MTV and textural features tended to decrease with ranges of increasing volumes. These findings imply that adequate MTV is necessary to ensure the efficacy of textural feature in the analysis.

IFH involves important parameters, such as cell proliferation, tumor vascularization and multidrug resistance. Increased knowledge of IFH before treatment could facilitate the planning of individualized therapies. Accurate visualization of IFH could help reduce tumor-sampling bias, could have implications for the development of new targeted therapies and might ameliorate drug resistance \[[@B22]\]. Further, visualizing IFH could be valuable during response monitoring, especially in patients with an unfavourable or heterogeneous response. Baseline heterogeneity determination would improve tumor characterization, image segmentation and help improve prediction of therapy response and survival \[[@B23]\].

To the best of our knowledge, this is the first study to characterize and quantify IFH in which the CV was shown to be a predictor of patient outcome in uterine cervical cancer. Additional studies are needed to address the potential clinical value of the CV. Specifically, test-retest studies need to be performed, and application of the method should be tested using larger clinical data sets. Further studies are also needed to assess the value of IFH in clinical practice. Nevertheless, the present preliminary results suggest the potential value of CV characterization of metabolic IFH.

In the current study, IFH at an SUV of 2.0 correlated with SUV~tumor~, MTV~tumor~, TLG~tumor~, primary tumor size, depth of cervical stromal invasion, and negatively correlated with age, which are well-known prognostic factors of cervical cancer. Interestingly, these results are in line with the concept that tumor heterogeneity is greater in tumors with aggressive clinicopathological factors. In this respect, IFH can be considered a novel prognostic biomarker for uterine cervical cancer. The recurrence rate in this study was 16.5%, and this relatively low event rate may be due to the early stage of the enrolled patient. As the recurrence rate was low, the meaning of IFH might have been underestimated. IFH in advanced disease would have more clinical impact, and we are conducting IFH analysis in patients with locally advanced cervical cancer.

This study has several limitations. First, it was retrospective and was performed at a single institution with a small number of patients (n=85). As the CI is the function of sample size, SD and the significance level, the wide range of the CI for IFH implies wide SD and small number of sample size. The results may not be generalizable to all patients with cervical cancer, because not all scans were available for IFH measurement and only measurable scans were included in the analysis. Additional large prospective studies are needed to confirm the predictive value of IFH in clinical practice. Second, the IFH observed in this study was not confirmed histopathologically. Therefore, we do not know the extent to which genetic profiles or immunohistochemical features may differ. In addition, there are other PET radiotracers that are may be more suitable than \[^18^F\]FDG for determining the proliferation index, although such radiotracers may be less widely available \[[@B24]\]. The use of new specific radiotracers and high-resolution devices has the potential to biologically characterize tumors *in vivo* \[[@B25]\]. Third, we could not perform partial volume correction as the segmentation software of the system does not support the option. Partial volume effect is known to increase the number of unique intensities measured, and it can cause distributions of measured intensities to appear more heterogeneous. Partial volume effect may underestimate the SUV measure, and it might limit the use of SUV as an independent parameter. In this aspect, CV may be less influenced by partial volume effect, and can be a better candidate for prognostic parameter. Partial volume correction could affect the calculations, and such a correction will alter the overall distribution of measured \[^18^F\]FDG PET intensities. Future research may be beneficial to compare the efficacy of CV and the heterogeneity parameter with partial volume correction. Finally, heterogeneous \[^18^F\]FDG uptake may arise from differences in blood supply and vascularization rather than from cellular heterogeneity *per se*. This notion merits further investigation that includes histopathological evaluation \[[@B26]\]. Future studies should focus on detection of a heterogeneous metabolic response during chemotherapy, on correlation of IFH with MRI findings and on the use of quantitative analyses.

In conclusion, our results indicated that preoperative IFH as determined on PET/CT was significantly associated with recurrence in patients with stage IB to IIA cervical cancer. \[^18^F\]FDG based heterogeneity may be a useful and potential predicator of patient recurrence before treatment. Further analysis in a larger patient population and with longer follow-up is needed to confirm the present findings.
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